Abstract: The emergence of the metasurface has spawned an ultrathin, compact, and planner way to generate the orbital angular momentum (OAM) beam array. Several types of OAM beam array generators based on the metasurface have been reported, however, most of them only performed at the certain wavelength for lack of the wavelength-dependent modulation, which restricted the flexibility and capacity of the generators. Here, we propose a single-layered metasurface to realize the generation of the wavelength-dependent three-dimensional (3-D) volumetric vortex beam array. The metasurface is composed by two different nanoantennas, which shows the distinct properties of wavelength selectivity and wavelength-dependent phase modulation. By employing such properties, 3-D volumetric vortex beams operating at different wavelengths can be multiplexed. Our design may facilitate the development of the optical multiplexing, and the wavelength-dependent control of the OAM light will improve the capacity and the security of the optical information.
Introduction
Metasurfaces, as a two dimensional artificial metamaterial, which is composed of array of the subwavelength optical structures at the interface, have received immense advance and promoted the development of flat optical device in recent years [1] - [6] . The distinct property of the metasurface is that it can reform the incident light by adjusting the geometrical parameters of the nanostructures at the surface. By properly arranging nanostructures in accordance with the phase distribution of the functional devices, the flat lens [7] , [8] , meta-hologram [9] - [12] , beam splitter [13] , [14] and multifunctional device [15] , [16] can be realized in an ultrathin and compact form.
As one of promising candidate for developing flat optical devices, metasurface can also be used to shape the light carrying the orbital angular momentum (OAM) [2] , [17] - [19] . The light carrying OAM has azimuthal phase term exp(ilϕ) and doughnut light intensity [20] , where l is topological charge and each photon has a certain orbital angular momentum of l -h . Owing to these particularities, the OAM light has found significant potential applications in many areas, such as optical communication [21] - [23] , super resolution imaging [24] , optical micromanipulation [25] , and rotation object detection [26] . Various metasurfaces have been reported for the generation of OAM beam, for instance, the transmission-type generators whose unit cells include V-shape antenna [27] , nanorod [3] or catenary [2] , [28] , and the reflective-type vortex beam generators based on the metal-isolator-metal structures [29] , [30] or meta-reflectarray [18] , [31] . In order to satisfy the requirements of the high capacity of the optical communication and three-dimensional optical storage, three-dimensional volumetric OAM light [32] modulated by the metasurface has been proposed. However, those ultrathin plates can only perform at certain wavelengths and lack flexibility. The wavelength-dependent behavior of the three-dimensional volumetric OAM beams can improve the compactness of the system and the capacity of the information to a certain degree. Therefore, it is vital that the three-dimensional volumetric OAM beam can be dependently controlled by multi-wavelength in an ultrathin way.
In this paper, we demonstrated the generation of three-dimensional volumetric OAM beams with wavelength-dependent modulation that is based on a single-layered geometric metasurface. The metasurface consists of two different elliptical nanoantennas to manipulate the phase at two different wavelengths. The complete phase change ranging from 0 to 2π is obtained at each wavelength by controlling the rotation angle of the corresponding nanoantennas for the circularly polarized incident light. Owing to the wavelength-dependent phase control of the nanostructures, two different threedimensional volumetric OAM beams with different operating wavelengths can be integrated at the same surface, as shown in Fig. 1 . The circularly polarized light at wavelengths of λ 1 = 719 nm and λ 2 = 990 nm are converted to two different three-dimensional volumetric OAM beams with opposite helicity to the incident light by the metasurface. We finally numerically demonstrated the proposed metasurface, and the simulated results agree well with the designing results. Our approach may have profound applications especially in three-dimensional optical storage and photolithography.
Design of the Unit Cell
In order to realize the wavelength-dependent three-dimensional volumetric OAM light, the starting point of our design is a fundamental unit cell possessing wavelength selectivity and wavelengthdependent phase modulation. As shown in Fig. 2 , the elliptical disk ( Fig. 2(a) ) and elliptical ring ( Fig. 2(b) ) antennas on silica (n = 1.41) substrate were selected as the fundamental elements.
Numerical simulations were performed to analyze the characterizations of the unit cell, using the commercial electromagnetic simulation software-CST Microwave Studio. When the circularly polarized light normally incidents onto the dipole antennas from the substrate side, owing to the different geometries, the two unit cells have different resonant wavelengths. The transmissions of the two unit cells for the scattered cross-polarized light are illustrated in the Fig. 2 (c). The resonant transmission peaks for the disk shaped and ring shaped elliptical antenna are 719 nm and 990 nm, respectively. Significantly, the transmission of disk shaped elliptical antenna at wavelength of 719 nm can reach 11.8%, while the efficiency at 990 nm is about 0.06%. And the transmission of the elliptical ring antenna at wavelength 990 nm is 12.3% and about 0.02% at wavelength 719 nm. Therefore, the two type of unit cells can be adopted to realize the wavelength selectivity. Moreover, for each unit cell, the scattered cross-polarized light possesses a geometric phase delay of ±2θ near the resonant wavelength, where θ is the rotation angle of the structure and ± denotes the handedness of the incident light, as illustrated in Fig. 2(d) and (e).
The realization of the wavelength-dependent modulation needs the simultaneous utilization of the two types of unit cell array. In order to avoid the shift of the resonant peak caused by the periodic change and increase of the arrangement density, we combined the two unit cells into one super unit cell with periodic of P = 490 nm, as shown in Fig. 3(a) . The two elliptical antennas are separately arranged at the corner of the square lattice. The characterizations of the super unit cell were validated by numerical simulation. The transmission of the super unit cell is shown in Fig. 3(b) , the resonant peaks of the super-unit cell are located at the wavelengths of 719 nm and 990 nm which are the same as that shown in Fig. 2(c) . The transmission of the unit cell is lower than 15%, which is mainly caused by the Ohmic losses in the metal. It can be improved by replacing the unit cells with dielectric materials or reflective metasurface scheme with increased thickness to some extent [33] , [34] . The phase delay and amplitude properties of the super unit cell at the resonant wavelengths are shown in Fig. 3(c)-(f) . As seen from the diagram, with the change of rotation angle of the elliptical disk antenna, the phase shift covering 0 to 2π is only occurs at the resonant wavelength of 719 nm (Fig. 3(c) ), and for the wavelength of 990 nm, the phase change is negligible (Fig. 3(d) ). On the contrary, when we change the rotation angle of the elliptical ring antenna, the phase shift at wavelength of 719 nm is negligible (Fig. 3(e) ), and the phase shift ranging from 0 to 2π occurs at wavelength of 990 nm (Fig. 3(f) ). Therefore, the super unit cell can be used as an effective structure to realize the wavelength selectivity and wavelength-dependent full phase modulation. 
Generation of the Three-Dimensional Volumetric OAM Beam
To obtain the phase distribution of the three-dimensional volumetric vortex beam, here, the point source algorithm was adopted to design the phase distribution of the planar multiplex device. The schematic of the principle of the point source algorithm is shown in Fig. 4(a) . The phase distribution of the M × N × K volumetric array at the input plane (z = 0), where the M, N and K are the total diffraction orders along three orthogonal axes, respectively, is obtained by the light trace method. In order to obtain the three-dimensional volumetric vortex beam, the phase profile of the vortex beam is added to the corresponding diffraction orders at the plane of z = 0. So the complex field of the m th order vortex beam at the plane of z = 0 can be expressed as: (r m , λ 1 , l m ) 
Where the A(r m ) is the amplitude of the mth order light point, For the simplicity of the calculation, we suppose A(r m ) = A. The three diffraction orders at wavelength of 719 nm(λ 1 ) are arranged at the position of z 1 = 10 μm with l 1 = 4, z 2 = 20 μm with l 2 = 2 and z 3 = 30 μm with l 3 = 0, respectively. For the wavelength of 990 nm(λ 2 ), the light located at z 1 = 10 μm with l 1 = 5, z 2 = 20 μm with l 2 = 4 and z 3 = 30 μm with l 3 = 3, respectively.
Then the phase profiles at two wavelengths can be written as:
Figure 4(b) and (c) show the phase profiles according to the Eqs. (5) and (6), respectively. The corresponding light spot intensity at cutting plane of x-z (y = 0) are depicted in Fig. 4 (e) and (f), respectively. The insert images are the cross section of light intensity distribution cutting through the position where the light point located (white dotted line). Following the linear relationship between the orientation of the nanostructure and the phase shift, the designed phase profiles of the threedimensional volumetric OAM beam array at wavelength 719 nm and 990 nm are encoded to the spatial orientations of the corresponding antennas. Note that, due to the subwavelength size of the super unit cell, the phase profiles need to be discretized into limit points before encoding. Part of the antennas array is shown in Fig. 4(d) . The full-wave simulation using the commercial software CST Microwave Studio with open boundary and circularly polarized incident plane wave was employed to verify the designed metasurface. Figure 4 (g) and (h) show the simulated transmission of the cross-polarized light intensity distributions at λ 1 = 719 nm and λ 2 = 990 nm, respectively. For the incident wavelength of 719 nm with circular polarization, the diffracted vortex beams are located at the positions of z 1 = 10 μm, z 2 = 20 μm and z 3 = 30 μm, respectively. And for the wavelength of 990 nm, the positions of the vortex beams are located at z 1 = 9.6 μm, z 2 = 19.5 μm and z 3 = 29.6 μm. The inserted images show the cross section light intensity distribution. The simulated results are very close to the results depicted in Fig. 4 (e) and (f).
We further investigated the case of 3 × 3 × 3 OAM beam array generator with two wavelengths modulation. According to Eq. (1), the complex fields of the 3 × 3 × 3 OAM beam array for the wavelength of 719 nm (λ 1 ) and 990 nm (λ 2 ) at the plane of z = 0 can be written as:
where r mnk = (x − x mnk ) 2 + (y − y mnk ) 2 + z mnk , m, n, k are the diffraction orders in x, y and z directions. The distance between two adjacent spots at same plane is set to 6 μm and the topological charges of the vortex beam array at the same plane are equal. The locations of the vortex beam Fig. 5(a) and (b) . The corresponding light intensity distribution is shown in Fig. 5(c) and (e). It can be see that the three 3 × 3 vortex beam arrays are diffracted at three different planes along the z direction. Then the phase profiles are converted to discrete pixels with total number of 122 × 122. The simulated intensity distributions at wavelength of 719 nm and 990 nm are depicted in Fig. 5(d) and (f), respectively. It is observed that the vortex beam arrays are formed at the designed planes. The results verify that the metasurface has the ability of generating three-dimensional volumetric vortex beam array with wavelength-dependent modulation.
Conclusion
In summary, we demonstrated the generation of the wavelength-dependent three-dimensional volumetric OAM beam array based on the geometric metasurface. The wavelength selectivity and wavelength-dependent geometric phase modulation of the metasurface were realized by the combination of elliptical disk and elliptical ring structures. The generated volumetric OAM beam array can be switched as we change the wavelength of incident light. We designed two generators for 1 × 1 × 3 and 3 × 3 × 3 volumetric OAM beam arrays and simulated their intensity profiles in the far field. The simulation results agree well with the desired results. More importantly, the wavelength dependent three-dimensional volumetric OAM beam array provides a new degree of freedom to increase the compactness and security of the optical communication systems. Moreover, our concept in this paper may pave the way towards high integration and miniaturization optical device [35] .
